Abstract: Duchenne muscular dystrophy (DMD) is the most common childhood neuromuscular disorder. It is caused by mutations in the DMD gene that disrupt the open reading frame (ORF) preventing the production of functional dystrophin protein. The loss of dystrophin ultimately leads to the degeneration of muscle fibres, progressive weakness and premature death. Antisense oligonucleotides (AOs) targeted to splicing elements within DMD pre-mRNA can induce the skipping of targeted exons, restoring the ORF and the consequent production of a shorter but functional dystrophin protein. This approach may lead to an effective disease modifying treatment for DMD and progress towards clinical application has been rapid. Less than a decade has passed between the first studies published in 1998 describing the use of AOs to modify the DMD gene in mice and the results of the first intramuscular proof of concept clinical trials. Whilst phase II and III trials are now underway, the heterogeneity of DMD mutations, efficient systemic delivery and targeting of AOs to cardiac muscle remain significant challenges. Here we review the current status of AO-mediated therapy for DMD, discussing the pre-clinical, clinical and regulatory hurdles and their possible solutions to expedite the translation of AO-mediated exon skipping therapy to clinic.
Introduction
Duchenne muscular dystrophy Duchenne muscular dystrophy (DMD) is a fatal, X-linked, neuromuscular disorder that affects 1 in 3,500 newborn boys. Patients are typically diagnosed as toddlers; they develop progressive muscle weakness and cardiomyopathy and lose the ability to walk by their early teens. Unless appropriate standards of care (including non-invasive ventilation, glucocorticoid and cardio-protective treatment) are implemented, premature death by cardiac or respiratory failure occurs in the second decade of life (1) (2) (3) . DMD is caused by mutations in the DMD gene that disrupt the open reading frame (ORF) thus aborting the full translation of its protein product, dystrophin (4, 5) . The DMD gene comprises 79 exons and the majority (~65%) of mutations responsible for DMD are out-of-frame deletions, although duplications (~10%), small mutations including non-sense and splice site changes (~22%) and deep intronic mutations (~3%) are also documented (6, 7) . Some DMD deletions are more frequent than others and the gene has two deletion hotspots (6) : the most commonly mutated region is exons 45-55 followed by exons 2-19. Dystrophin is located underneath the sarcolemma and connects the subsarcolemmal cytoskeleton to the extracellular matrix by binding Nterminally to cytoskeletal F-actin and to β-dystroglycan via a cysteine rich domain near the C-terminus (8) (Top panel, Figure  1 ). It contains four main functional units: an N-terminus, a central rod domain, a cysteine rich domain and a C-terminal domain. The central rod domain consists of 24 spectrin-like repeats and four hinge domains (9). Dystrophin interacts with actin at both its N-terminus and via spectrin-like repeats 11-17; the Cterminus has also recently been shown to allosterically affect actin binding (10) . The cysteine rich domain binds to β-dystroglycan (BDG) (11-15) and the Cterminal domain is required for binding to syntrophin (16) and dystrobrevin (17). These and other sarcolemmal proteins such as the sarcoglycans are components of the dystrophin associated glycoprotein complex (DGC). Dystrophin and the DGC play an important role in stabilising the muscle fibre against the mechanical forces of muscle contraction by providing a shock-absorbing connection between the cytoskeleton and the extracellular matrix. Loss of dystrophin leads to disruption of the complex, which results in inflammation, increased intracellular calcium influx, muscle degeneration and replacement of muscle with adipo-fibrous tissue (4). In addition, dystrophin plays a role in signalling and is associated with members of the stretch-activated calcium channels; their mislocalisation and dysfunction in dystrophic muscle contributes to disease progression (18). Spectrin repeats 16 and 17 within the central rod domain, encoded by exons 42-45, are also required for binding to neuronal nitric oxide synthase (nNOS) (11, 12, 19) . nNOS regulates the blood flow in skeletal muscle (20); disruption of this pathway may contribute to DMD pathogenesis by inducing paradoxical vasoconstriction during exercise (21) . Naturally-occurring dystrophin positive "revertant fibres" (isolated or less commonly small clusters of fibres strongly positive for dystrophin) and "traces" (fibres expressing very low levels of dystrophin at the sarcolemma) occur in more than 50% of the muscle biopsies of DMD patients (22). Revertant fibres represent a very small percentage of the total fibres, in which somatic mutations or stochastic alternative splicing events of the dystrophin pre-mRNA lead to exon skipping, the restoration of the ORF and consequent expression of dystrophin (23, 24) . Revertant dystrophins are correctly localised to the sarcolemma and associate with other DGC proteins, suggesting a retained function (25, 26) . Revertant fibres have been well characterised in the mouse model of DMD, the mdx mouse (24, 27, 28) . Whilst traces have not been described in the mdx mouse, they are present in approximately a third of DMD patients (22) and may represent up to 25% of the total muscle fibres (29) . The molecular mechanism of trace dystrophin expression remains to be elucidated, but it is thought to be at least in part different from that of revertant fibres. For example, traces can express different dystrophin epitopes than the surrounding revertant fibres (22).
Becker muscular dystrophy
Mutations in the DMD gene are also responsible for a milder disorder, Becker muscular dystrophy (BMD), a disease with an extremely variable spectrum of severity ranging from patients with walking difficulties in their late teens or early twenties, to the majority of individuals in whom ambulation is preserved into late adulthood and who have an essentially normal lifespan (30) . DMD and BMD mutations differentially affect the DMD gene: in DMD the mutations disrupt the reading frame, while mutations that cause BMD maintain the ORF (31, 32) leading to the production of an internally deleted dystrophin protein. The size of the deletion does not correlate with the severity of the disease, as long as the reading frame rule is maintained (33) (34) (35) (36) (37) (38) (39) (40) , and provided crucial domains of dystrophin such as the β-dystroglycan binding site are not removed by the deletion. While the central and distal rod domain is less vital for function (35) , (some patients missing these domains only have very mild disease manifestations such as myalgia and muscle cramps, and mild weakness), in frame deletions that affect the binding of dystrophin to other proteins such as cytoskeletal actin or β-dystroglycan result in a severe phenotype (41, 42) . The existence of revertant fibres in DMD and the occurrence of mildly affected BMD individuals with in-frame deletions suggest that it is feasible to modify splicing by exon skipping (Figure 1 ) and induce the production of functional dystrophin in DMD patients, as long as crucial domains of dystrophin are not disrupted. Artificially restoring the ORF in this way is thus an attractive therapeutic strategy for DMD, as approximately 70% of DMD patients have mutations amenable to exon skipping (43) .
Figure1 Exon skipping principle. (Next page) Upper panel:
Schematic representation of dystrophin mRNA (in-frame exons are represented as square boxes, out-of-frame exons round or arrow boxes). Normal splicing of these exons produces dystrophin protein (pictured immediately below) retaining functional protein-binding domains and correctly localised to the sarcolemma (see section of control muscle stained with anti-dystrophin antibody Dys2). Lower panel: representation of dystrophin pre-mRNA highlighting the differences in splicing between a Del48-50 DMD patient (left) and a Del48-51BMD patient (right). The DMD deletion disrupts the open reading frame (ORFs) which results in unstable mRNA and the absence of functional dystrophin protein in muscle sections. In the BMD patient the deletion maintains the ORF and generates the production of an internally deleted dystrophin isoform that retains the critical amino and carboxyl terminals and Cysteinerich domains. The ORF can be corrected by forced skipping of exon 51 by directing antisense oligonucleotides to sequences within exon 51 or to neighbouring intronic regions. Exon 51 skipping restores the ORF, generating a dystrophin equivalent to that of the BMD patient. Insert table: Theoretical applicability of single exon skipping in a series of DMD deletions. (53) . PMOs are not metabolised and are resistant to endonucleases (54); they are rapidly eliminated from the bloodstream as they are uncharged and do not bind serum proteins, which is likely why they have not been associated with the side effects mentioned for the 2OMe clinical studies. Both AOs have proven successful in preclinical mouse models (55) (56) (57) (58) and as far as the PMO is concerned, also the more severe dog model (59) , in which systemic delivery has resulted in dystrophin protein production (60, 61) and physiological improvement (58) of skeletal muscle. Clinical progress Both PMO (AVI-4658/eteplirsen) and 2'OMe (GSK-2402968) AOs targeting exon 51 (which will restore the ORF in the largest group of DMD patients (13%)) have proven successful at inducing local dystrophin expression in pivotal proof-ofconcept intramuscular clinical trials (62, 63). Recently, systemic studies using the two different AO chemistries have been completed (Table  2) (44, 46), demonstrating that AO therapy for DMD is indeed safe and well tolerated with no significant drug-related adverse events. Both studies reported significant dystrophin restoration in a dosedependent manner as determined by western blotting and immunohistochemistry, with levels of dystrophin approaching 20% of normal levels in the PMO study. The outcome of randomised placebocontrolled studies of both eteplirsen and GSK-2402968 is expected in 2012 and further studies are planned. functional improvement, biochemical outcome measures (BOMs) are required to monitor AO efficacy. However, critical differences in the methodology used between the different research centres are of concern. Standardised BOMs are essential in order to reliably compare the efficacy of the different chemistries and dosing regimens. Specifically, the most reliable methods for quantification of both exon skipping and dystrophin restoration must now be established through initiatives such as the TREAT-NMD registry of outcome measures for neuromuscular disorders (www.researchrom.com/) and from ongoing international collaborative studies aiming to cross-validate standard operating procedures. The outcomes of these should be the standardisation of methodology across centres that could be presented to regulatory authorities as the preferred BOMs in future clinical trials. The efficacy of exon skipping is measured at both the RNA and protein level. Nested RT-PCR is traditionally used to assess and quantify (semi-quantitatively) AO efficacy at the RNA level (84, 85) . To detect transcripts using this method, it is necessary to use up to 70 PCR cycles after which linearity is lost and it is therefore not possible to accurately quantify the percentage of exon skipping. Thus several quantitative methods are currently in development such as qRT-PCR using highly specific TaqMan assays for skipped and total dystrophin targets. The advent of digital PCR and micro fluidic technology enables the high throughput analysis of patient RNA. For example, exon skipping could be assessed by measuring changes in mRNA decay pre and post treatment using TaqMan assays that cover all 79 dystrophin exons. Such a platform, the FluiDMD, has recently been described which simultaneously analyses 85 TaqMan assays recognising 76 out of 78 DMD exon junctions (86) . As the aim of AO-mediated exon skipping is to restore dystrophin production, reliable methods to quantify dystrophin expression are vital. The presence of dystrophin traces and revertant fibres in DMD muscles (22) makes it essential to compare treated muscles with a pretreatment biopsy of the same patient, in order to accurately distinguish and quantify AO-mediated dystrophin protein production (87). The two most commonly used methods are western blotting and immunostaining (46, 87, 88) . Consideration should be given to the antibodies to be used, which must be sensitive, specific and have an epitope appropriate for the dystrophin exons retained following exon skipping. As muscle biopsies are invasive and sample a single muscle, there are limitations in their use to monitor response to therapy and efforts are being made to identify non-invasive biomarkers to monitor DMD disease progression. Studies aimed at validating the role of magnetic resonance imaging (89) and spectroscopy as well as serum or urine biomarkers such as small non coding RNAs (such as miRNA) are currently underway both in animal models and in clinical studies; it is hoped that these will reduce the need for muscle biopsies (90) .
Functionality of the de novo dystrophin protein
Whilst the primary outcome measure of the completed systemic trials was clinical safety, the GSK-2402968 study also reported a modest improvement in the 6-minute walk test which is encouraging (44). From a biochemical perspective, data from both the intramuscular and systemic eteplirsen trials further indicate that the internally deleted dystrophins generated by exon skipping in different patients are indeed functional, as they led to the restoration of proteins of the DGC (46, 91) . Additional evidence of functional improvement is provided by a reduction in cytotoxic T cells within treated muscle biopsies (46) ; this is promising considering that the pre-symptomatic induction of inflammatory cascades and the invasion of muscle by immune cells is one of the earliest pathways induced in dystrophin deficient muscle and is thought contribute to DMD pathology (92, 93). However, the possibility of an immunological reaction both against revertant and novel dystrophin epitopes remains a possibility (94) and presents a new issue to address in future clinical trials that will require the assessment of any pre-existing immunological response to dystrophin epitopes in patients prior to their inclusion in a clinical trial, as well as any post-treatment response to the newlygenerated dystrophin protein (94) . Some mild or asymptomatic BMD patients naturally express the dystrophin proteins that we aim to produce by exon skipping (32) . A recent study correlated dystrophin and dystrophin-associated protein expression with disease severity in a cohort of BMD patients (26) . The amount of dystrophin, nNOS and BDG correlated to clinical severity and BMD patients with deletions equivalent to those created by exon 51 skipping have higher dystrophin levels than either those with large multiexon deletions, or those harbouring exon 53 skippable deletions (26) . These findings demonstrate the therapeutic potential of the protein that will be generated by exon 51 skipping trials whilst the functionality of other dystrophins, especially those with larger internal deletions, is less clear (43, (95) (96) (97) .
Variability of response
The completed AO-mediated exon skipping clinical trials have revealed a high degree of variability in patient response, even between patients harbouring the same deletions (46) . These findings suggest that the variability is unlikely to be due to inter-patient differences in stability of the resultant protein, immunological response, or the pharmacodynamics of the PMO (46). However, it has been suggested (46) that differences in the genetic background, such as intronic deletion breakpoints, differences in the efficiencies of mRNA splicing, or differences in the vascular access of the AO to individual muscles may contribute to the variable response.
An important future goal must be to understand the mechanisms behind this variability and why some patients respond better to treatment than others. Interestingly studies in the mdx mouse with both PMO and 2'OMe and in the GRMD dog using PMO have identified similar variability in response, even in the same animal, when different muscles were studied (61, 98-100). This-indirectlypoints towards stochastic events involved in delivering the AO to skeletal muscle rather than a genetic difference, although more studies are needed to elucidate the mechanism responsible for the observed variability and whether this variability may be reduced after long-term treatment as indicated by studies on the mdx mouse (98) .
Next generation AOs
Although extremely high-doses of PMO without modification can induce dystrophin rescue in mdx cardiac muscle (101) , unmodified AOs are largely unsuccessful at inducing exon skipping in the heart and they do not cross the blood brain barrier (56, 58) . This is important given that cardiac complications are observed in up to 90% of DMD patients (102) and that 1/3 of DMD patients suffer cognitive impairment related to the deficiency of dystrophin in the brain (103, 104) . One approach to improve AO targeting to cardiac muscle is the direct conjugation of cell penetrating peptides to AOs which improves AO delivery to skeletal (105) (106) (107) (108) (109) (110) (111) (112) and cardiac mdx mouse muscles (111, (113) (114) (115) ; however the toxicology of these conjugates has yet to be ascertained.
The fact that the dystrophin protein is thought to have a long half-life should increase the possibility of achieving and maintaining therapeutically-relevant dystrophin protein levels with weekly or longer dosing intervals
Regulatory hurdles
The regulatory process for developing AOs to skip other dystrophin exons is at present cumbersome as each new AO is considered a novel drug and requires the full battery of genotoxicity, rodent and non-human primate acute and chronic toxicity studies (reviewed in (116) ). This stringent assessment of safety is of paramount importance, considering that there has been little experience in dosing individuals with AOs at high doses and for durations exceeding 1 year (and theoretically for a lifelong therapy). Nevertheless, the current studies have not reported severe drug related adverse events; in addition most of the toxicity related to AOs derives not from the individual sequences but from the chronic chemical load which is therefore largely backbone but not sequence specific. It is hoped that the positive clinical experience gained from the exon 51 skipping studies and hopefully also from other exons will allow us to gather additional information so that in the future these compounds could obtain class approval and follow a more informed and streamlined regulatory process.
Conclusions
Preclinical and clinical studies using two different chemistries have demonstrated the potential of antisense oligonucleotidemediated DMD exon skipping to modify the progression of DMD. If progress in this field continues at the pace of the last decade, treatment for common DMD mutations may soon be feasible. If no sequence-specific toxic effect is found, treatment of rare mutations could follow as regulatory hurdles are overcome. Furthermore this approach could treat nonsense mutations or other frameshifting mutations located in in-frame exons that could be removed by skipping a single exon. The clinical development of next generation AOs that effectively target cardiac as well as skeletal muscle will provide a significant quality of life improvement for patients. Acknowledgements 
